This paper proposes a new region extraction algorithm based on cellular automaton operation, which utilizes only the region boundary information of the image. A simple pixel circuit for pixel-parallel operation is also proposed. Logic simulation results obtained using Verilog-HJ3L indicate that the proposed algorithm is about 100 times faster than the serial labeling processing for lOOx 100-pixel images. An experimental result for a 30x 30-pixel image using an FPGA chip demonstrates that all regions are successfully extracted one-by-one within 6 psec with a clock frequency of 25 MHz.
INTRODUCTION
In order to recognize natural scene images, which usually include several objects, the image must be segmented into recognition target object regions that are extracted oneby-one. In that case, coarse region segmentation that ignores small parts in each object region must be performed. We have already demonstrated that the resistive-fuse network can perform such coarse region segmentation [ 11. However, the resistive-fuse network cannot extract each segmented In this paper, we propose a region extraction algorithm based on cellular-automaton-type pixel-parallel processing. More specifically, in the proposed method, each region surrounded by boundary pixels is sequentially extracted, which makes it possible to perform pipeline processing for the subsequent image processing. In contrast, the usual segmentation processing performed in DSPs, which is called labeling, cannot achieve pixel-parallelism.
We previously proposed another method for the same purpose; the former method uses a resistive-fuse network and a nonlinear oscillator network [2] . The extraction method proposed herein, however, is much simpler and can be implemented even in digital circuits.
CELLULAR-AUTOMATON-TYPE REGION EXTRACTION ALGORITHM
We assume that each pixel has three states: unjred,jring, andjred, and that the region boundary data is already obtained before the extraction processing. The extraction algorithm is schematically shown in Fig. 1 , and numerical simulation results using MATLAB are shown in Fig. 2 . The details of the algorithm are given below with digital circuit implementation shown in the corresponding figures.
(1) Initialization: if a pixel is located a t the boundary, For detecting the end of the firing process, the immediately preceding state is stored as (unfired orfiring) (Fig. 6 ).
boundary of thefiring region (Fig. 7, Fig. 8 ).
(5) Read out the addresses of all thefiring pixels or the (6) Set allfiring pixels asfired ( Fig. I(e) ). The proposed algorithm can be considered as a simple version of the "region growing" method 131 that is used for gray-scale image segmentation. In our approach, however, boundary detection of gray-scale images is performed by resistive-fuse networks; the region extraction algorithm proposed here is applied to images having only boundary information.
DIGITAL CIRCUIT IMPLEMENTATION
A pixel circuit implementing the above algorithm consists of a three-bit register, an exclusive-OR gate, and four switches, as shown in Fig. 9 . This circuit can easily be incorporated into the pixel circuit of resistive-fuse networks for the previously proposed image segmentation method [4] .
Here, we demonstrate the performance of the algorithm by implementing it in an FPGA. The RTL (register-transfer level) simulation results indicate that the processing time for region extraction is proportional to the square root of the total number of pixels, as shown in Fig. 10 . From these results, a processing time of less than 20 ps is needed for images with 100 x 100 pixels at 25 MHz operation. This is more than IO0 times faster than serial labeling processing.
An experimental result using an FPGA chip (ALTERA / EP20K400EFC672-1X) with 25 MHZ operation is shown in a greater number of regions and the regions may be more complex than those of the example used in this experiment, but preprocessing by a resistive-fuse network achieves coarse region segmentation, and a limited number of regions are segmented, as shown in Fig. 2 . Therefore, this experimental result is valid for real image processing.
CONCLUSION
We proposed a region extraction method based on cellular automaton operation and a simple pixel circuit for pixel- 
